1.. INTRODUCTION
================

Two pore domain potassium (K2P) channels encode background, or leak, K currents which are essential players in the regulation of the resting membrane potential and excitability of many mammalian neurons. The 15 members of the K2P channel family can be divided into 6 subfamilies on the basis of their structural and functional properties, namely the TREK, TASK, TWIK, THIK, TRESK and TALK subfamilies \[[@R1],[@R27],[@R33],[@R44]\]. The subfamilies vary in their amino acid sequence as well as in tissue distribution and pharmacology, but two characteristic features of all K2P channels are that they are not voltage-gated and they are not inhibited by the classical potassium channel blocking agents, TEA and 4-AP \[[@R44]\].

The activity of K2P channels is regulated by a diverse array of pharmacological and physiological mediators \[[@R13],[@R44],[@R49],[@R68]\] and by a large number of neurotransmitter activated pathways \[[@R48]\]. Evidence is accumulating for the potential importance of targeting and altering the activity of K2P channels in a number of therapeutic situations in the nervous system, including neuroprotection, neuropathic pain, depression, anesthesia and epilepsy \[[@R4],[@R5],[@R29],[@R43],[@R68]\]. Since the activity of K2P channels is of such importance in determining neuronal excitability and cell firing \[[@R8],[@R50]\], it follows that any post-translational regulation of trafficking which significantly alters the number of channels and therefore current density at the neuronal membrane would have profound effects on the functional properties of these neurons.

In this review, we will consider current evidence concerning the trafficking of K2P channels to the neuronal membrane and their localisation therein. Whilst there are some general mechanisms that apply to many ion channels, for the most part, evidence suggests that each channel type has different processes which dominate these events. There are two particular processes regarding K2P channel trafficking for which most evidence exists. These are the regulation of trafficking of TASK channels from the endoplasmic reticulum (ER) or their retention within the ER \[[@R26],[@R56],[@R57],[@R64],[@R65],[@R95],[@R96]\] and the localisation of TREK channels to particular regions of the neuronal membrane \[[@R72],[@R73]\]. We begin with a brief, general summary of K channel trafficking; particularly K~V~ channel trafficking for which most evidence exists; to set out some important considerations, then focus on the K2P channels themselves.

2.. POTASSIUM CHANNEL TRAFFICKING: GENERAL FEATURES
===================================================

2.1. First Step: from the Nucleus to the ER
-------------------------------------------

Whilst functional ion channels are generally considered as originating in the ER, the formation process begins earlier. mRNA for the channel protein is made and exported from the nucleus to the cytosol. In the cytosol, the mRNA associates in a complex with cytosolic ribosomes and tRNA and undergoes translation. As the peptide is translated from the peptidyl transferase centre and elongates, it travels along a long (100 Å) tunnel within the ribosome, coined the "birth canal" (for a detailed review see \[[@R18]\]). The ribosomal tunnel itself is thought sufficiently large enough in width (10-20 Å) to permit secondary structure, but not tertiary. Once translation is complete, the entire peptide/ribosome complex is targeted to the ER membrane where synthesis can continue. This targeting of the peptide/ribosome complex is thought to involve a signal sequence within a hydrophobic helical region of the n-terminus of the channel. This signal motif is thought to bind with a signal recognition particle (SRP), which, in turn, binds to a receptor on the cytoplasmic side of the ER membrane. This process takes the order of minutes. Some very nice work with the K~V~ channel, K~V~1.3, has shown that these subunits use several transmembrane domains for targeting of the complex to the ER, with the second transmembrane segment (S2) acting as the SRP signal motif \[[@R87]\]. Thus the topology of the channel even at this early stage in development seems to be important in determining its traffic to the ER, at least in the case of K~V~1.3, and highlights a high degree of regulation of protein translation at a very early stage in production.

2.2. Assembly in the ER
-----------------------

Once the peptide/ribosome complex reaches the ER, it binds to a multi-protein complex known as the translocon, which forms an aqueous pore, permitting passage across the lipid bilayer of the ER membrane. The peptide eventually emerges from the ribosome into the lumen of the ER \[[@R32]\]. It is in the translocon that the protein topology - the parts of the protein that will be cytosolic, transmembranous or extracellular is determined (see \[[@R17]\]). Most ion channels do not exist as individual subunits, but as dimers or tetramers. So at some point these subunits must associate to form a functional ion channel. There is much speculation as to where this association occurs, but the general consensus is that the ER is the most likely site for this. K~V~ channels, which form tetramers, have been shown to couple two dimers together, rather than sequentially combine subunits \[[@R86]\]. Oligomerization of K~V~ channels occurs *via*the highly conserved tetramerisation domain (T1) in the N-terminus \[[@R36],[@R42]\]. However, mutated channels missing the T1 domain, can still assemble *via*a transmembrane associated domain, but the rate, efficiency and accuracy of this is much lower \[[@R18]\]. Not all recognition domains for oligomerisation of K channels are found in the N-terminus of channels, but, instead some reside in their C-terminus \[[@R75]\]. Some channels will not assemble properly in the ER, so misfolded and misassembled channels are, generally, retained here. Residues will be exposed that shouldn't be exposed and these might encourage aggregation of misfolded proteins for ER retention and degradation.

2.3. Onwards from the ER
------------------------

As the peptide emerges from the translocon it is extruded into the ER lumen, where amino acids exposed to the cytosol are able to associate with cytosolic proteins, such as chaperones and auxiliary subunits, which assist in the folding, modification and trafficking of the ion channel protein. In this context, chaperone proteins can be defined as proteins which form a transient association with ion channels, and which help to prevent mis-folding of the newly formed channel proteins, act to retain incorrectly folded proteins for degradation or act to promote forward trafficking towards the membrane. Auxiliary subunits, by contrast, associate more permanently with the ion channels to regulate both the function and the trafficking of the channel. However, the distinction between the two is often blurred and one often sees the term "auxiliary protein" to describe proteins which, strictly speaking, act as chaperones rather than auxiliary subunits.

2.4. Auxiliary Subunits
-----------------------

For K channels, a number of different auxiliary subunits have been identified. These auxiliary subunits can either associate with the N or C-terminus of the channel or intercalate between the pore forming subunits. The most documented K channel auxiliary subunits are the β-subunits which associate with certain K~V~ channels to assemble, modulate and traffic the channels \[[@R10],[@R24],[@R28],[@R77]\]. Different isoforms of these β-subunits exist, which associate with different K~V~ channels in the ER \[[@R54]\]. The major β-subunit isoforms are K~V~β1 & K~V~β2.

Another form of β-subunit is the K~V~-Channel Interacting Protein (KChIP) which has been shown to associate with the n-terminus of K~V~4 channels \[[@R3],[@R34],[@R47],[@R74],[@R78],[@R94]\]. The binding of KChiP to hydrophobic residues in the N-terminus (7-11) and hydrophilic residues (71-90) promotes surface trafficking of K~V~4.2 by masking an ER retention signal \[[@R74]\]. In the absence of KChIP, K~V~4 channels were found to accumulate in the ER.

KChAP (or K Channel Associated Protein) has been suggested to have a chaperone role (although sometimes it is classified as an auxiliary subunit). KChAP binds to the N-terminus of the α subunit of K~V~1 & K~V~2 family members and increases cell surface expression, without modifying the biophysical properties of the channels \[[@R37],[@R90]\]. KChAP has also been shown to stabilise the K~V~α-K~V~β complex, by binding to the C-terminus of K~V~β subunits. Similar to KChAP, the G protein β γ (Gβγ) has been shown to stabilise a K~V~1.1-K~V~β complex \[[@R31]\].

One other well known K channel auxiliary subunit is the sulfonyl urea receptor (SUR) which both modulates and traffics the inward rectifying channel K~IR~6.2, together forming functional K~ATP~ channels. The SUR associates with K~IR~6.2 in the ER and early Golgi *via*regions in the first transmembrane segment (M1) and the cytosolic N-terminus \[[@R76]\].

2.5. Chaperone Proteins for Membrane Trafficking
------------------------------------------------

A bewildering array of chaperone proteins exist, involved in trafficking proteins around cells and to particular regions of cells. For ion channels, interest has centred on those chaperones which assist with trafficking to and from the membrane, those that target the channels to particular regions of the membrane and those involved in recycling of channels from the membrane. Rather than cover each exhaustively, we focus here on those chaperone proteins with identified roles in the trafficking of TASK K2P channels (see Table **[1](#T1){ref-type="table"}**).

The coatomer protein complex 1 (COP1) and 14-3-3 chaperone system is common to several membrane proteins including KA2 kainate receptors and TASK K2P channels (see section 4.1) \[[@R89]\]. COPI coated vesicles are formed, which are major protein carriers in the early endocytic pathway, controlling Golgi apparatus to ER retrograde transport \[[@R6]\]. 14-3-3 proteins are a large family of adaptor proteins with roles in many cellular processes including apoptosis, metabolism and membrane protein trafficking (see \[[@R52]\]). 14-3-3 proteins are particularly involved in intracellular trafficking and the promotion of forward trafficking between the ER and the plasma membrane. COP1 and 14-3-3 often act in competition to retain channels in the ER or promote their trafficking towards the plasma membrane (see later).

Another chaperone protein that has been implicated in the trafficking of TASK channels is p11, also known as s100A10 or annexin II light chain. p11 is a member of the s100 family of E-F hand proteins and it is an adaptor protein that binds to annexin 2 and other substrates to play a role in endocytosis, membrane trafficking and actin polymerisation \[[@R66],[@R85]\]. p11 has been shown to target channels to specific microdomains in the plasma membrane and has also been linked to the translocation of Na~V~1.8, ASIC and TRPV5/6 channels and the 5HT1b receptor \[[@R26],[@R84]\].

2.6. Binding Motifs
-------------------

Chaperone proteins must interact physically with the channels they partner; so much work has centred on identifying common binding motifs -- sequences of amino acids on the channel to which chaperone proteins might bind. From such studies a number of common sequences have emerged \[[@R38],[@R82]\]. For example, specific amino acid sequences known as retention motifs dictate whether a membrane protein is detained in/returned to the ER or transported to the plasma membrane \[[@R45],[@R46]\]. Channels tend to contain several motifs that may compete with each other. A common ER retention motif is the 'di-lysine' motif (KKxx). This motif is common to many potassium channels and is a major regulatory mechanism to ensure that only properly assembled ion protein complexes are transported. The 'masking' of ER retention motifs and trafficking to the membrane occurs only when the protein is properly folded, as demonstrated for example, for the K~ATP~ channel \[[@R93]\]. 'Dibasic' motifs can also cause ER retention through interaction with the COPI complex (introduced above).

Another ER retention signal, KDEL, targets proteins for Golgi to ER recycling, whilst other forward trafficking motifs for transport from ER to Golgi, e.g. FYCENE for K~IR~2.1, and dileucine motifs, present in many K channels \[[@R38],[@R82]\].

2.7. To the Golgi Apparatus then the Membrane
---------------------------------------------

From the ER, channel proteins enter the Golgi apparatus en route to the plasma membrane. Glycosylation occurs here, which is an important step for surface expression of many channels such as EAG1, K~ATP~, K~V~1.4 and other K~V~1s \[[@R82]\]. Once close to the membrane, channels seem to be inserted by a fairly conserved process. This involves SNARE mediated fusion of exocytotic vesicles with the plasma membrane. This has been well established for K~V~1.1 and K~V~2.1, for example (see \[[@R82]\]). In neurons targeting is highly specific (e.g. K~V~4.2 goes to distal regions of dendrites, K~V~1 channels go to juxtaparanodal region). This involves motor proteins, actin, microtubule cytoskeleton, scaffolding proteins and accessory subunits but the fine details underlying these mechanisms are poorly understood (see, for example, \[[@R38]\]).

Again, chaperone proteins have a major role to play in channel localisation. For example, CASK (a MAGUK protein) is implicated in targeting of K~IR~2 channels in brain and heart. CASK is known to complex with PDZ proteins (e.g. SAP97 a protein closely related to PSD95), so perhaps it acts as a scaffolding protein that anchors K channels at their target location. SAP97 also interacts with K~V~1.5, and this complex localises to lipid rafts. Disruption of cytoskeleton leads to an increase in K~V~1.5 surface expression although it has no effect on K~V~2.1. Dileucine motifs have also been suggested to play a role in the targeting of ion channels to particular membrane regions. So, for example, dileucine motifs on the C terminus promote axonal localisation for Na~V~ channels but similar motifs on the C terminus of K~V~4.2 channels promotes dendritic localisation \[[@R38]\]. Deletion of a dileucine targeting domain stopped K~V~4.2 being specifically targeted to dendrites and instead was found throughout the neuron \[[@R82]\].

Selective localisation occurs in many different ways. In addition to CASK and PDZ proteins (such as SAP97 and PSD95), actin binding proteins (such as alpha-actinin-2) are implicated in targeting and anchoring (e.g. for K~V~1.5). Actinin may also be involved in K~V~1.5 channel endocytosis and/or maintaining pools of K~V~1.5 in vesicles just below the membrane. The protein, dynamin is also implicated in K~V~1.5 expression levels. K~V~1.5 currents are increased by dynamin inhibitory peptide suggesting that dynamin stimulates tonic turnover of K~V~1.5 levels at the membrane, perhaps through clathrin-dependent or -independent endocytosis.

After internalisation, channels must be either recycled to the membrane or degraded. Evidence is very sparse on what happens and how it happens at this stage. It has been suggested that ubiquitination of ion channels is an important step in the processes underlying K channel internalisation and recycling \[[@R82]\].

3.. K2P CHANNEL TRAFFICKING
===========================

3.1. The Role of 14-3-3 and COP1 in TASK Channel Trafficking from the ER
------------------------------------------------------------------------

Yeast 2 hybrid studies have revealed that TASK channels (TASK1, TASK3 and even the non-functional TASK5) bind to 14-3-3 proteins both in recombinant and native form \[[@R26],[@R64]\]. Mutational studies showed that only TASK channels that interacted with 14-3-3 were present at the plasma membrane \[[@R64]\]. All seven isoforms of 14-3-3 (β, γ, ε, ζ, η, τ and σ) bind to TASK channels, although O'Kelly *et al.* \[[@R56]\] showed that 14-3-3β binds with the highest affinity.

Yeast two hybrid studies and GST-pull down assays using WT and truncated channels have also revealed the binding of COPI (the β subunit more specifically) to TASK channels \[[@R56]\]. The interaction between COP1 and TASK channels leads to decreased surface expression of channels and accumulation of channels in the ER. Thus COPI and 14-3-3 act in opposite ways to either promote TASK channel forward trafficking towards the membrane (14-3-3) or retain TASK channels in the ER (COPI).

There are several hypotheses that could explain how 14-3-3 and COPI interact to regulate TASK channel trafficking \[[@R52],[@R80]\]. These include "clamping", where binding of 14-3-3 would cause a conformational change in the TASK channel to prevent binding of COP1, usually envisaged to bind to a different site in the TASK channel sequence; "scaffolding", where binding of 14-3-3 would trigger recruitment of additional trafficking proteins which enhance TASK channel trafficking; or "masking" where 14-3-3 would bind to a particular site on the TASK channel and exclude the binding of COP1 or, indeed, other proteins to that same site.

Of these hypotheses, the most favoured idea, until recently, for the interaction of 14-3-3 and COP1 in regulating TASK channel trafficking was clamping, so that the change in conformation induced by 14-3-3 binding was proposed to cause an inactivation of the COP1-interacting motifs \[[@R52]\]. Furthermore, initial experimental evidence suggested that 14-3-3 binding inhibited COP1 binding, but that the two proteins did not compete for a binding site. Rather they were suggested to bind at separate dibasic sites on TASK1 channels and that binding was 'mutually exclusive'. COP1 was originally suggested to bind to the N-terminus of TASK channels at the dibasic motif (M)KR \[[@R56],[@R92]\] while 14-3-3 was shown to bind to TASK1 and TASK3 at the extreme C-terminus, dibasic motif (RR(K/S)SV) and, importantly, phosphorylation of the distal serine residue was required for the interaction with TASK1 \[[@R56],[@R79]\]. This led O'Kelly and Goldstein \[[@R57]\] to propose that, normally, COP1 is bound to the channel at the N-terminus dibasic motif (Fig. **[1](#F1){ref-type="fig"}**), causing retrieval from the Golgi apparatus and subsequent retention in the ER. When 14-3-3 binds to the phosphorylated extreme C-terminus of TASK, it causes COPI to dissociate from the channel. Bound 14-3-3 inhibits the ER retention motif and forward trafficking to the plasma membrane can take place. In this way 14-3-3 is able to promote forward trafficking to the plasma membrane \[[@R57]\] and channel number at the cell surface is therefore increased.

A similar mechanism has been proposed for the regulation of KA2, kainate receptor, trafficking by 14-3-3 and COP1 \[[@R89]\]. Furthermore, Shikano *et al.* \[[@R79]\] found that a motif FRGRSWTY (termed SWTY) in K~IR~2.1 channels recruited 14-3-3 isoforms, and in doing so was able to override the RKR ER-retention motif. Again, 14-3-3 binding was dependent upon phosphorylation, this time of the threonine residue in the binding motif (SWpTY).

However, an impressively thorough, recent study from Zuzarte *et al.* \[[@R95]\] provides evidence to show that 14-3-3 binds to the extreme C terminus of both TASK1 and TASK3 to mask the retention motif and stops this region of the channel binding to COP1 (Fig. **[1](#F1){ref-type="fig"}**), thereby favouring the masking hypothesis rather than the clamping hypothesis above. This study suggested that the N terminal retention signal operated independently of 14-3-3 binding, the latter being a prerequisite for trafficking of the channel to the membrane suggesting that the extreme C terminus retention signal is dominant. This is, of course, in direct contrast to the conclusions drawn by O'Kelly *et al.* \[[@R56]\] and O'Kelly and Goldstein \[[@R57]\] described above. Indeed, Zuzarte *et al.* \[[@R95]\] suggest that the C terminus alone (of both TASK1 and TASK3) is sufficient to bind COP1 and that the N terminus is not involved in COPI binding (see Fig. **[2A](#F2){ref-type="fig"}**, **[B](#F2){ref-type="fig"}**).

It has been suggested that for forward trafficking of the GABA~B~ receptor, the COPI and 14-3-3 trafficking mechanism is due to competitive binding, not a change in structure, where COP1 binding is lost when the concentration of 14-3-3 is high and vice versa \[[@R9]\].

14-3-3 has also recently been found to co localise with TRESK channels (Table **[1](#T1){ref-type="table"}**), although, for this K2P channel, 14-3-3 is thought to have a direct regulatory role rather than a trafficking one \[[@R14]\]. No other K2P channels have so far been found to colocalise with 14-3-3 or COP1, perhaps suggesting that there is not a general mechanism for K2P trafficking mediated by the interaction of these proteins.

3.2. The Putative Role of p11 (s100A10) in TASK Channel Trafficking
-------------------------------------------------------------------

The adaptor protein, p11, has also been found to interact with TASK channels using yeast-2 hybrid assays and this has been confirmed with co-localisation studies using GST- pull down and immunoprecipitation \[[@R26],[@R65]\]. The association with TASK1 has been linked to surface expression of channels. There is, however, some debate regarding whether p11 inhibits or promotes forward trafficking. All studies to date have shown that p11 only binds to TASK1 (not to TASK3 or TASK5), and that this binding is dependent on the presence of 14-3-3. p11 cannot bind to TASK1 in the absence of 14-3-3, whilst p11 and 14-3-3 do not interact without TASK1 \[[@R26],[@R65]\].

Girard *et al.* \[[@R26]\] and O'Kelly and Goldstein \[[@R57]\] demonstrated that p11 promotes forward trafficking and binds at the same extreme C-terminal dibasic sequence as 14-3-3, the critical binding sequence (ascertained using mutational studies) being the last 3 amino acids; SSV (part of the 14-3-3 binding motif, above, Fig. **[1](#F1){ref-type="fig"}**). This sequence is also a putative PDZ type 1 binding domain, however to date, no known PDZ domain proteins have been shown to colocalise with TASK1. Both groups used truncated channel studies to show that p11 interaction with TASK1 channels lead to increased channel trafficking to the plasma membrane and therefore higher functional surface expression \[[@R26],[@R57], but see [@R88]\].

O'Kelly and Goldstein \[[@R57]\] also looked at the tissue distribution of p11, and observed high levels in the brain and lung. Significantly, they found low expression in the heart, where TASK1 channels are highly expressed. In contrast 14-3-3 proteins have relatively high expression levels in all tissue types. The limited tissue distribution and dependency of p11 on 14-3-3 co-localisation led O'Kelly and Goldstein \[[@R57]\] to hypothesise that p11 has a partial, modulatory role in TASK1 trafficking only. Hypothetically, p11, 14-3-3 and TASK1 interact to form a 'ternary complex' to promote forward trafficking in a tissue-specific manner.

However, and in complete contrast, Renigunta *et al.* \[[@R65]\] showed that p11 inhibited forward trafficking and deletion of p11 using siRNA lead to an increase in channel density at the cell surface. This group showed that p11 binds at a separate site 80-120 amino acids from the C terminus (approximated using deletion of sequence sections and p11 binding studies), (Fig. **[1](#F1){ref-type="fig"}**). The group also concluded that p11 has a 'di-lysine' motif within its structure that would cause the channels to be retained in the ER (similar to classical COP1 binding motifs). Furthermore, Zuzarte *et al.* \[[@R95]\] suggest that the observed C terminal truncation experiments, which, in their hands, reduced current amplitude of both TASK1 and TASK3 channel currents to around the same degree, might be attributable to the preclusion of 14-3-3 binding, rather than p11 interactions, particularly since TASK3 channels do not interact with p11.

Thus, at present, there is conflicting evidence concerning the role of p11 in trafficking of TASK1 channels and suggestions that it may promote \[[@R26],[@R57]\] or inhibit \[[@R65],[@R95]\] TASK1 channel trafficking to the plasma membrane (see Fig. **[2C](#F2){ref-type="fig"}**). p11 is found to positively influence the trafficking of other ion channels and plasma membrane proteins to the neuronal membrane, including 5-HT1b receptors, ASICa channels, Na~V~1.8 channels and TRPV5/6 channels \[[@R20],[@R25],[@R58],[@R84]\].

The differences in trafficking mechanism between TASK1 and TASK3 channels are highlighted by the poor surface expression of TASK1 channels in recombinant cell lines and the consequential small current recorded in comparison to the robust TASK3 current in such cells (suggesting that TASK3 membrane expression is good). Whereas in native systems TASK1 currents are often larger, suggesting that forward trafficking occurs appropriately in these cells. It remains to be seen whether interaction with p11 or some currently unknown component (lacking in recombinant systems) is involved in the proper trafficking of the TASK family in native neurons.

3.3. The EDE Motif for TASK3
----------------------------

A further unique sequence motif has been identified in the proximal C terminus of the TASK channel, TASK3. This di-acidic sequence (EDE) has a role in trafficking TASK3 channels to the membrane since mutation of the two glutamate residues reduces surface expression \[[@R96]\]. Whilst this region is suggested to be required for efficient surface expression of TASK3 channels through interactions with a functional COPII complex, it cannot overcome the strong retention signal, described above, at the extreme C terminus of the channel which is masked by 14-3-3 binding \[[@R95],[@R96]\]. A similar EDE sequence is found in TASK1 channels but its functional importance has not yet been determined.

3.4. Other K2P Channel Binding Partners
---------------------------------------

Relatively little is currently known concerning the mechanisms that regulate the insertion of functional K2P channels into the plasma membrane. It has however been suggested that the non-functionally expressed channels (KCNK7, TASK5 and THIK2) are so, due to stringent internal retention mechanisms \[[@R22],[@R71]\].

### 3.4.1. TREK Channel Interactions with AKAP150 and Mtap2

Some K2P channel types have been found to have binding partners that influence channel function as well as potentially regulating trafficking of the channel to the plasma membrane \[[@R62]\]. An identified binding partner of TREK1 channels is the A kinase anchoring protein 150 (AKAP150) a scaffold protein \[[@R73]\], which does not have a direct trafficking role, but is important for tethering of proteins into complexes for signalling (Table **[1](#T1){ref-type="table"}**). Binding of AKAP150 to the regulatory domain in the C terminus of TREK1 channels, switches the channel from a low open probability, outwardly-rectifying conductance to a higher open probability leak conductance. More recently, Sandoz *et al.* \[[@R72]\] have found that, in addition to AKAP150, TREK1 (and TREK2) channels have a distinct binding site on their C termini for the microtubule associated protein, Mtap2 which, when bound, enhances both channel surface expression and current density (Table **[1](#T1){ref-type="table"}**). Mtap2 is primarily found postsynaptically, in dendritic spines and dendrites, so it may act to localise TREK1 surface expression in these regions through selective microtubule-based transport. Once localised at these regions, TREK1 is placed at the centre of a complex network of regulatory proteins through its interactions with the scaffolding proteins AKAP150 and Mtap2 \[[@R72]\].

### 3.4.2. TWIK Channels, Arf6/EFA6 and SUMO

A known binding partner of TWIK1 channels is EFA6, an exchange factor for ADP-ribosylation factor 6 (ARF6, \[[@R18]\]). The ARF6 family of small GTPases are involved in clathrin-independent endocytosis of membrane proteins, including, for example, M2 muscarinic acetylcholine receptors \[[@R16]\]. TWIK1 is highly expressed in renal proximal tubules and was found, using immunofluorescent tagging, to localise in the pericentriolar recycling endosomes \[[@R15]\]. Concurrent binding of Arf6, EFA6 and TWIK1 leads to increased internalisation of the channel (Table **[1](#T1){ref-type="table"}**). Upon internalisation, the vesicles are transferred to early endosomes and are integrated into the classical clathrin coated recycling pathway. The mechanism by which other K2P channels are later internalised and recycled has, thus far, not been elucidated.

TWIK channels have also been linked to the small ubiquitin related modifier protein, SUMO, and it has been suggested that sumoylation is necessary for functional expression of the channel at the plasma membrane (\[[@R63]\], Table **[1](#T1){ref-type="table"}**). However more recent work has questioned the importance of this mechanism \[[@R22]\] and suggests, instead, that TWIK1 channels are rapidly retrieved from the membrane and internalised through a dynamin dependent mechanism \[[@R23]\].

### 3.4.3. TASK1 Channels and NOX4

In addition to interacting with trafficking proteins, it has been shown that TASK1 channels interact with NADPH oxidase 4 (NOX4) to confer oxygen sensitivity to TASK1 and mediate the oxygen-sensitive K current response in carotid and neuro-epithelial bodies \[[@R21],[@R41]\]. Recently it has been established that there is a direct interaction between these two proteins to mediate this effect \[[@R60]\]. It is of interest that TASK1 is neuroprotective under ischemic conditions \[[@R51]\].

4.. K2P CHANNEL TRAFFICKING AND DISEASE
=======================================

K2P channels have been identified as important in an increasing number of physiological and pathophysiological conditions. For example TASK channels have importance in anesthesia, respiration and hormone secretion, whilst TREK channels are important in heat and mechanical pain sensation, neuroprotection and mood regulation \[[@R5]\]. Furthermore, there is a suggested role for TASK1 channels in regulating the function of the HIV-1 accessory protein Vpu-1 (\[[@R30]\], Table **[1](#T1){ref-type="table"}**).

K2P channel activity has been implicated in a number of neuronal disease states as indeed has the expression and activity levels of a number of their potential chaperone proteins. Cancers (both within and out with the CNS), neuroprotection and nociception are just three examples of clinical situations in which failure or amplification of K2P channel trafficking might contribute to the disease state.

For each of these three disease states, we describe evidence, below, to show that up or down regulation of K2P channel activity contributes to the disease state. Interestingly, in each case, changes in known K2P channel chaperone proteins produce effects consistent with a change in K2P channel trafficking. Crucially, however, at this stage and in each case, direct evidence is lacking that the particular chaperone proteins and K2P channel subunits involved do, in fact, interact in these situations and that there is a causal relationship between alterations in K2P channel trafficking and the disease state itself.

4.1. Cancer
-----------

K channels have been shown to be directly involved in the signalling pathway that regulates oncogenesis. The direct involvement of these channels in oncogenesis is demonstrated when pharmacological blockade of K channel current induces an inhibition of cell proliferation in various human cancers \[e.g. [@R55],[@R59],[@R81],[@R91]\]. The K2P channel, TASK3 seems to be important in this effect because an amplification of its gene expression is found in breast, lung, colon, and metastatic prostate cancers \[[@R53]\]. A direct link between TASK3 channels and oncogenesis has been demonstrated by Pei *et al.* \[[@R61]\] who have found that a TASK3 dominant negative mutation could prevent the formation of tumour cells.

Despite this link, contrary to normal cells that show a high surface and ER expression of TASK3 channels \[[@R96]\], the tumour cells have an especially high intracellular labelling compared to the membrane. This low TASK3 membrane expression could be due to a problem in TASK3 membrane trafficking which induces in this way an intracellular accumulation of TASK3.

One possible explanation for this intracellular accumulation is that there is some impediment to the normal link between TASK3 channel and 14-3-3 protein. For example, a modification of the interaction site at the C-terminal region of TASK3 (pentapeptide motif, see above) might occur during translocation. This is unlikely, however, since Rusznak *et al.* \[[@R67]\] found no alteration in the TASK3-specific mRNA sequence of melanoma cells studied. Furthermore, various studies show that 14-3-3 protein is essential for the multiplication of cells \[[@R35],[@R83]\] and it is over expressed in brain tumors \[[@R11],[@R12]\]. The exchange factor EFA6 which binds to TWIK1 channels \[[@R15]\], leading to the internalisation of the channel, is also over expressed in various cancers \[[@R70]\]. Thus it may be an increased expression then a compensatory increased internalisation of TASK3 channels through EFA6 or a related protein that is observed in these studies.

4.2. Neuroprotection
--------------------

The TREK family of K2P channels play an important role in neuroprotection during cerebral ischemia. This action is due to lipidic compounds such as polyunsaturated fatty acid \[[@R39]\] or lysophospholipids \[[@R7]\] which are produced during ischemia that activates TREK and TRAAK channels. The induced neuron hyperpolarization protects against glutamate excitotoxicity, and against calcium entry into cells.

The chaperone protein, 14-3-3β is upregulated after ischemia and it too has an important neuroprotective effect \[e.g. [@R40],[@R69]\]. Thus both K2P channel activity and the level of a chaperone protein that promotes K2P channel trafficking to the plasma membrane are increased during ischemia and have beneficial neuroprotective roles.

4.3. Nociception
----------------

K2P channels, especially TREK1 \[[@R2]\], and TRESK \[[@R4]\], are expressed in sensory neurons, and are involved in polymodal pain perception. The retention factor p11 seems, also, to have a role in pain perception: a p11 deletion exclusively from nociceptive primary sensory neurons in mice induced an attenuation of acute pain behaviour, but no changes in inflammatory pain were observed \[[@R20],[@R25]\]. Thus both an increase in K2P channel activity and a decrease in the level of a chaperone protein that may inhibit K2P channel trafficking from the ER (but see above), act to reduce the perception of painful stimuli.

5.. CONCLUSIONS
===============

The study of K2P channel trafficking is in its infancy, indeed, even for the few processes where there is detailed information, there is much controversy about underlying mechanisms. So, for example, whilst it is clear that the 14-3-3/COP1 system is important for trafficking TASK channels from the ER, there is not full agreement as to how this occurs. Similarly, whilst p11 seems certain to have a role in the trafficking of TASK1 channels, it is not clear whether it promotes or inhibits forward TASK1 channel trafficking. The perceived importance of K2P channel current-density in a number of diseases states including cancer, neuropathic pain and depression \[[@R4],[@R5],[@R43],[@R61]\] suggests that a better understanding of the mechanisms and regulations that underpin the trafficking of these channels to the plasma membrane and to localised regions therein, may considerably enhance the probability of future therapeutic advances in these areas.

AM is a Royal Society Industry Fellow.

4-AP

:    = 4-aminopyridine

AKAP150

:    = A kinase anchoring protein 150

Arf6

:    = ADP-ribosylation factor 6

ASIC

:    = Acid-sensitive ion channel

CASK

:    = Calcium/calmodulin-dependent serine kinase

COP1

:    = Coatomer protein complex 1

DLgA

:    = Drosophila disc large tumour suppressor

EFA6

:    = Exchange factor for Arf6

ER

:    = Endoplasmic reticulum

K2P

:    = Two pore domain potassium channel

KChAP

:    = K channel associated protein

KChIP

:    = Kv channel interacting protein

K~IR~

:    = Inward-rectifier K channel

K~V~

:    = Voltage-gated K channel

MAGUK

:    = Membrane-associated guanylate kinase

Mtap2

:    = Microtubule associated protein 2

NOX4

:    = NADPH oxidase 4

PDZ

:    = PSD95 / DlgA / zo-1 (acronym)

PSD95

:    = Postsynaptic density protein 95

SAP97

:    = Synapse associated protein 97

SNARE

:    = SNAP (soluble NSF attachment protein) receptor

SUMO

:    = Small ubiquitin related modifier protein

SUR

:    = Sulphonylurea receptor

SRP

:    = Signal recognition particle

TALK

:    = TWIK-related alkaline pH activated K channel

TASK

:    = TWIK-related acid sensitive K channel

TEA

:    = Tetraethyl ammonium

THIK

:    = Tandem pore domain halothane inhibited K channel

TRAAK

:    = TWIK-related arachidonic acid stimulated K channel

TREK

:    = TWIK-related K channel

TRESK

:    = TWIK-related spinal cord K channel

TRP

:    = Transient receptor potential

TWIK

:    = Tandem of P domains in a weak inward rectifier K channel

Vpu

:    = Viral protein U

Zo-1

:    = Zonula occludens-1 protein

![Regions of TASK1 K2P channels which interact with binding partners. Schematic representation of a TASK1 K2P channel illustrating potentially important regions of the channel for interactions with binding partners such as COP1, 14-3-3 and p11.](CN-8-276_F1){#F1}

![Putative trafficking mechanisms for TASK K2P channels. **A**) 14-3-3 promotes TASK channel trafficking to the membrane whilst COP1 promotes channel retention in the ER. COP1 and 14-3-3 bind mutually exclusively to different regions of the TASK channel as proposed by \[[@R57]\]. **B**) 14-3-3 promotes TASK channel trafficking to the membrane whilst COP1 promotes channel retention in the ER. COP1 and 14-3-3 bind mutually exclusively to the same region of the TASK channel as proposed by \[[@R95]\]. **C**) P11 either promotes TASK1 channel trafficking to the plasma membrane \[[@R57]\] or promotes retention of TASK1 channels in the ER \[[@R65]\] by binding to identified regions in the C terminus of the channel.](CN-8-276_F2){#F2}

###### 

Binding Partners of K2P Channels

  Binding Partner   Channel        Putative Role                                              Reference
  ----------------- -------------- ---------------------------------------------------------- ------------------------------------
  **14-3-3**        TASK1/ TASK3   Increases the surface expression of the channel            \[[@R57], [@R64], [@R95]\]
  **14-3-3**        TRESK          Regulates calcineurin-mediated activation of the channel   \[[@R14]\]
  **AKAP150**       TREK1          Increases current by binding to regulatory domain          \[[@R73]\]
  **ARF6 / EFA6**   TWIK1          Enhance channel internalisation                            \[[@R15]\]
  **COP1**          TASK1/TASK3    Channel is retained in the ER                              \[[@R56], [@R95]\]
  **Mtap2**         TREK1          Enhances surface expression and current density            \[[@R72]\]
  **NOX4**          TASK1          Confers O~2~ sensitivity on channel                        \[[@R41], [@R60]\]
  **p11**           TASK1          Modulates surface expression of the channel                \[[@R26], [@R57], [@R65], [@R95]\]
  **SUMO**          TWIK1          'Silences' the channel                                     \[[@R63], but see [@R22], [@R23]\]
  **Vpu**           TASK1          Abolishes channel current                                  \[[@R30]\]
